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ABSTRACT 

Char yields from red maple, white oak, longleaf pine, and hybrid poplar (NE 388) wood specimens 
of four different particle sizes carbonized in a flowing nitrogen atmosphere with heating rates of 5, 
15, and 25 C/min up to 250 C, 400 C, and 600 C were examined. Although species, particle size, and 
heating rate trends were evident, regression analysis showed final carbonization temperature to be the 
most important factor influencing char yield. 

Carbonized and noncarbonized specimens were subjected to elemental analysis and gross heat of 
combustion determinations. Regression analysis established a significant relationship of carbon and 
hydrogen content with final carbonization temperature. A linear relationship was found between gross 
heat of combustion values and carbon contents of wood and char specimens. An equation to theo- 
retically calculate gross heat of combustion values of wood and char was developed through modifi- 
cation of Dulong's formula. 
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INTRODUCTION 

Pyrolysis is the thermal degradation of organic material heated in an inert or 
oxygen-deficient atmosphere and is an important stage in the course of all gasi- 
fication and combustion reactions (Reed and Jantzen 1979). Previous research 
has focused on either fast (flash) pyrolysis, which favors the formation of volatile 
products (Milne 1979; Shafizadeh 1968; Lewellen et al. 1976), or slow pyrolysis, 
which favors the formation of char (Slocum et al. 1978; McGinnes et al. 1971; 
Beall et al. 1974; Hammond et al. 1974; Shafizadeh 1968; Kanury 1972). 

The formation of volatile products and char during pyrolysis has been inves- 
tigated using different thermal analysis techniques. Thermogravimetric analyses 
have shown that hemicelluloses and cellulose decompose to form mostly volatile 
products, while lignin, due to its relatively high thermal stability, contributes the 
most to the charred residue when pyrolysis temperature exceeds 350 C (Beall 
1969; Roberts 1970; Milne 1979; Cheremisinoff and Morresi 1976; Shafizadeh 
1980). 

Char produced during pyrolysis has many potential uses. As a result char prop- 
erties such as mass loss, dimensional shrinkage, density, and ultrastructure have 
been analyzed and reported (Beall et al. 1974; Slocum et al. 1978; Susott 1980; 
Moore et al. 1974; Baileys et al. 1982; McGinnes et al. 197 1; Blankenhorn et al. 
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1972, 1978). Fuel properties of the char have also been determined, and the higher 
heating values (gross heat of combustion) for char, condensate, and nonconden- 
sible gas have been reported (Knight and Bowen 1975; Baileys and Blankenhorn 
1982; Susott et al. 1975; Demeter et al. 1977). In order to predict fuel properties, 
Susott et al. (1975) have demonstrated that a linear relationship exists between 
gross heat of combustion and carbon content of char. All of these properties are 
needed for determining the usefulness of char produced during pyrolysis. 

The purposes of this research were to: 1) determine the effect of species, particle 
size, heating rate, and carbonization temperature on char yield from wood car- 
bonized in a flowing nitrogen atmosphere; and 2) develop an equation to calculate 
gross heat of combustion of wood and char through modification of Dulong's 
formula (Babcock and Wilcox 1975). The experimental procedure was designed 
to characterize noncarbonized (control) and carbonized (char) specimens, deter- 
mine gross heat of combustion values for all specimens and determine elemental 
composition for selected specimens. These data were used to determine the effects 
of the selected parameters on char yield and develop an equation to calculate 
gross heat of combustion for char. 

MATERIALS AND METHODS 

Pyrolysis 

Four species (Fig. 1 )  were chosen for carbonization: red maple (Acer rubrum 
L.), a relatively low specific gravity hardwood; white oak (Quercus alba L.), a 
relatively high specific gravity hardwood; hybrid poplar (Populus maximowiczii x 
trichocarpa NE 388), an intensive culture species; and longleaf pine (Pinuspalustris 
Mill.), a softwood. Specimens were machined into four sizes with the following 
surface area to volume ratios: 8 (1.9 1 cm cubes), 12 (1.27 cm cubes), 5 1 (0.32 x 
0.32 x 0.25 cm rectangles), and 100 (wood milled to pass a 40-mesh screen with 
a 425-micron opening). Three oven-dry specimens of each species/size combi- 
nation were pyrolyzed in a flowing nitrogen atmosphere (270 cc/min) at three 
different heating rates (approximately 5, 15, and 25 C/min) up to three different 
maximum temperatures (about 250 C, 400 C, and 600 C). This permitted com- 
parison of results with the results from other thermal analyses of wood (Kanury 
1972; Beall et al. 1974; Moore et al. 1974; Baileys and Blankenhorn 1982; Blan- 
kenhorn et al. 1978). 

Oven-dry mass of the wood specimens was recorded prior to carbonization. 
The specimens were placed in a ceramic tube and heated in a flowing nitrogen 
atmosphere. Electric furnace temperature was controlled to achieve the desired 
heating rates and pyrolysis temperatures. A chrome1 alumel thermocouple was 
placed in the gas stream near the center of the three specimens and was connected 
to a digital temperature readout in order to record pyrolysis temperature. The 
time and temperature at the start and finish of each pyrolysis test were recorded. 

After the desired final pyrolysis temperature was reached, the specimens re- 
mained in the furnace in a flowing nitrogen atmosphere until the furnace tem- 
perature dropped to 105 C. The specimen residence times during the cooling 
process for all specimen sizes lasted approximately 1 h, 1 l/2 h, and 3 h for maximum 
temperatures of 250 C, 400 C, and 600 C, respectively. The cooled specimens 
were removed from the pyrolysis apparatus and placed in a desiccator, and their 
mass was recorded after reaching ambient temperature (Lunden 1982). 
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SPECIES 

Red Maple. White Oak, Hybr id Poplar. Longleaf Pine 

I 
PARTICLE SIZE 

surface area to  volume ra t l os  of 

HEATING RATE 
5 Oclmin  15 Oc/rnin 2 5  Oc/min 

MAXIMUM FINAL CARBONIZATION TEMPERATURE 
250 OC 400 O c  600 OC 

PYROLYSIS PRODUCTS 
(percent of oven dry weight of w o ~ d )  

Char Noncondensible Gas Condensate 

h 
Gross Heat of Combustion Elemental Analysis 

FIG. 1. Experimental design for determining the effects of species, particle size, heating rate and 
temperature on char properties. 

Elemental analysis 

The Carlo Erba Model 1 106 Elemental Analyzer was used to determine nitrogen, 
carbon, and hydrogen content of a representative sampling of carbonized speci- 
mens and all control (noncarbonized) specimens as a percentage of oven-dry 
weight. Specimens were milled (pass a 60-mesh screen with a 250 micron opening), 
oven-dried, and stored in a CaSO, filled desiccator to prevent moisture sorption 
prior to testing. 

Gross heat of combustion 

Gross heat of combustion values of control and carbonized specimens were 
determined in an adiabatic calorimeter in accordance with ASTM D 20 15. All 
specimens were oven-dried prior to testing. 

Statistical analysis 

Stepwise regression was used to determine the relationship between char and 
species, particle size, heating rate, final carbonization temperature, and all possible 
interactions (size x rate, size x temp, rate x temp, size x rate x temp). This 
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TABLE 1. Average char yleld (percent of oven-dry weight) as a function ofJinal carbonization temper- 
ature. 

Char yield (percent oven-dry weight) 

Final carbonization 
Surface area Heatlng 

F~nal  carbonization 

to volume 
temperature (C) temperature (C) 

rate 
ratlo (C/m~n) 250 400 600 250 400 600 

- - -  Red maple -- 

27.53 
28.2 1 
25.86 

28.03 
26.37 
25.29 

30.49 
28.3 1 
25.80 

3 1.08 
28.52 
31.78 

Longleaf pine 

31.34 
32.60 
30.32 

31.17 
30.09 
29.99 

35.08 
33.14 
32.65 

34.90 
32.50 
33.02 

- - - -  White oak - - -  

34.13 
34.15 
32.37 

32.51 
31.10 
25.76 
38.42 
35.97 
32.13 

38.87 
36.63 
34.06 

Hybrid poplar 

27.03 
28.04 
26.21 

26.54 
24.45 
25.32 

30.60 
30.06 
29.76 

30.84 
28.29 
26.68 

procedure performed a regression analysis in a stepwise manner of all possible 
models and the best one-variable model, two-variable model, etc. were determined 
on the basis of the maximum coefficient of determination (R2) value. All regression 
relationships were significant at the 0.05 level. Analysis of variance methods were 
used to determine statistically significant (at the 0.05 level) differences among 
char yields, carbon and hydrogen contents and gross heat of combustion values. 

RESULTS AND DISCUSSION 

Pyrolytic product yield 

An average value for all species, sizes, and heating rates indicated that about 
96%, 31°/0, and 24% of the original oven-dry weight of wood remained after 
carbonization to 250 C, 400 C, and 600 C, respectively (Table 1). A small mass 
loss of the wood occurred at temperatures up to 250 C, while a substantial mass 
loss occurred at temperatures between 250 C and 400 C. An additional small 
amount of mass was lost at temperatures between 400 C and 600 C. These results 
were similar to previously published data (Kanury 1972; Beall et al. 1974; Moore 
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TABLE 2. Summary of regression equations. 

Regress~on relationsh~p 
(0.05 sign~ficance level) 

Coefficient of 
determination (R') 

Red maple 
White oak 
Longleaf pine 
Hybrid poplar 

Char yield and final carbonization temperature1 

Char yield = 135 - 0.20T 0.75 
Char yield = 13 1 - 0.19T 0.76 
Char yield = 136 - 0.20T 0.76 
Char yield = 133 - 0.20T 0.73 

Carbon content and final carbonization temperature1 

Red maple C = 33 + 0.09T 0.89 
White oak C = 35 + 0.09T 0.82 
Longleaf pine C = 36 + 0.09T 0.86 
Hybrid poplar C = 34 + 0.09T 0.88 

Hydrogen content and final carbonization temperature1 

Red maple H, = 7.36 - 0.01T 0.89 
White oak H, = 7.08 - 0.01T 0.80 
Longleaf pine H, = 7.61 - 0.01T 0.90 
Hybrid poplar H, = 7.39 - 0.01T 0.89 

Gross heat of combustion and carbon content2 

Red maple Hg = 643 + 84C 0.98 
White oak Hg = 767 + 81C 0.99 
Longleaf pine Hg = 820 + 82C 0.99 
Hybrid poplar Hg = 671 + 83C 0.99 

' Char yield, carbon content, and hydrogen content values are in percent of oven-dry weight and final carbonization temperature (T) 
is in C .  

2Gross hear of combustion values are In cal/g and carbon content values are In percent of oven-dry weight. 

et al. 1974; Baileys and Blankenhorn 1982; Blankenhorn et al. 1978), and cor- 
respond with known thermal degradation patterns of cellulose, hemicellulose, and 
lignin (Beall, 1969). 

Stepwise regression analyses revealed that final carbonization temperature (Ta- 
ble 2) was the only variable that significantly reduced total variation in char yield 
relative to the other variables (species, particle size, and heating rate). Analysis of 
variance tests, however, showed that a significant difference (at the 0.05 signifi- 
cance level) existed among char yields from specimens of different species and 
particle sizes subjected to different heating rates within each final carbonization 
temperature. Species, particle size, and heating rate did have consistent effects on 
char yield (Lunden 1982), thereby accounting for the analysis of variance tests 
confirming statistical variation among the three variables. However, these effects 
were insignificant when compared with the effect of final carbonization temper- 
ature on char yield. 

In a large-scale wood carbonizing system variation in particle size, heating rate, 
and temperature gradients would be inevitable. The present study has shown that 
except for maximum carbonization temperature, char yield would be relatively 
insensitive to these gradients within the constraints of the parameters investigated. 
Different species could also be carbonized with a fairly consistent char yield. 

Elemental analysis of carbonized wood 

Carbon content values as a percentage of oven-dry weight of carbonized and 
noncarbonized (control) specimens are tabulated in Table 3. Elemental carbon 
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TABLE 3. Average carbon content values (percent of oven-dry weight) as a function offinal carbon- 
ization temperature. 

Carbon content (perccnt ovm-dry wc~ght)' 

F~nal  carbonization F~nal  carbon~zat~on 
Surlhcc area Heatlng temperature (C) temperature (C) 
to \ (~Iumc rate 

ratlo (C/mln) 2 5 0  400 600 250 400 600 

Red maple 
72.57 
73.12 
74.48 

69.80 
69.25 
72.23 

73.09 
73.75 
74.30 

73.49 
73.67 
70.02 

White oak 

............. ,-ong[eaf ............................ Hybrid pop/ar .................... 

100 5 50.2 1 74.3 1 89.16 50.50 75.57 89.28 
15 - 73.34 85.85 - 72.8 1 86.44 

2 5 - 74.70 86.15 - 74.1 1 84.24 

5 1 5 49.34 7 1.60 87.30 48.76 71.84 85.65 
15 50.73 - - - - - 
2 5 49.69 - - - - - 

12 5 50.41 76.06 87.70 48.67 74.78 85.90 
15 - 72.86 - 49.87 - - 
2 5 - 73.77 - 50.45 - - 

8 5 50.03 73.25 86.53 48.56 73.17 86.44 
15 - 73.10 85.53 - 74.24 86.29 
25 - 73.26 84.38 - 75.68 85.00 

' Noncarhonwcd control valucs. I) red maple-45.88"/0. 2 )  wh~te  0ak-47.53~/0. 3) longleaf p~ne-48 ROo/o. and 4) hybrld poplar- 
47 7 5 %  

content increases exponentially with increasing carbonization temperature. Car- 
bon content is lowest in noncarbonized specimens, increases slightly in specimens 
pyrolyzed to 250 C, and comprises a substantial proportion of the oven-dry weight 
of specimens heated to 400 C and 600 C. Average carbon content averaged over 
all species, sizes, and heating rates increases by about 33% from 250 C to 400 C 
and about 15% from 400 C to 600 C. The carbon content values in Table 3 are 
slightly lower than the values given in Wenzl (1970). 

Average hydrogen content (Table 4) decreases with increasing carbonization 
temperature. As is the case with carbon content, there is little difference between 
control and 250 C specimens, which is expected since little mass loss occurs in 
specimens pyrolyzed to 250 C. The hydrogen content values in Table 4 are similar 
to values reported by Wenzl (1970). 

The hydrogen to carbon ratio (Table 5) is expressed on a volume basis and 
relates to completeness of burn, and in particular soot and smoke formation. 
Generally, the lower the hydrogen to carbon ratio, the greater the potential for 
soot and smoke formation upon combustion of the fuel. The average hydrogen 
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TAHI.E 4. Average hydrogen content values (percent of oven-dry weight) as a function o f jna l  carbon- 
ization temperature. 

Hydrogen content (percent oven-dn wnght)] 

Final carbonization Final carbonization 
Surlavr arca Heat~ng temperature (C) temperature (C) 
to volume rate 

rat10 (C/m~n)  750 400 600 250 400 600 

Red maple - -  

3.82 
3.79 
3.68 

3.9 1 
3.9 1 
3.78 
3.72 
3.77 
3.68 
3.65 
3.73 
4.1 1 

Longleaf pine 

4.32 
4.29 
4.23 

4.47 
- 
- 

4.43 
4.34 
4.43 
4.30 
4.34 
4.58 

- - -  White oak 

3.56 
3.71 
3.6 1 

3.80 
- 
- 

3.72 
3.69 
- 

3.81 
4.03 
3.79 

Hybrid poplar 

3.87 
3.9 1 
3.82 

4.07 
- 
- 

3.67 
- 
- 

3.88 
4.13 
3.65 

' Noncarhonl/cd control values. I) red rnaplc-5.94UA,. 2) w h ~ t c  0ak-5.94~/0. 3) longlcafplne-6.22°/u, and 4) hybr~d poplar-6.1 Io/o 

to carbon ratio values in Table 5 decrease with increasing carbonization temper- 
ature. 

Mean carbon and hydrogen contents and hydrogen to carbon ratios of noncar- 
bonized and carbonized specimens were used to develop regression equations. As 
with char yield, variability in hydrogen and carbon contents were primarily due 
to final carbonization temperature (Table 2). 

Carbon and hydrogen contents were relatively consistent within each temper- 
ature range, and no particle size, heating rate, or species trends were readily 
apparent. Nitrogen values for the char were recorded but not analyzed because 
the specimens were carbonized in a nitrogen atmosphere, and it was impossible 
to segregate the nitrogen content into proportions inherent in the char and/or 
adsorbed from the carrier gas. 

Higher heating values of carbonized wood 

Mean higher heating values (gross heat of combustion) in Table 6 of control 
and pyrolyzed wood specimens (oven-dry basis) were statistically analyzed for 
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TABLE 5. Average hydrogen to carbon ratios (volume basis) as afuncfion offinal carbonization tem- 
perat ure. 
- -- 

Hydrogen to carbon ratlos (volume b a s ~ ~ ) '  

Final carbonization Final carbonization 
Surfacc arca Heating temperature (C) temperature (C) 
to volumc rate 

rilt~, (C/m~n) 250 400 600 250 400 600 

-- Red maple - - - - - -  

0.63 
0.62 
0.59 

0.67 
0.68 
0.63 

0.6 1 
0.61 
0.59 

0.60 
0.6 1 
0.70 

Longleaf pine - - - -  

0.70 
0.70 
0.68 

0.75 
- 
- 

0.70 
0.7 1 
0.72 

0.70 
0.7 1 
0.75 

Hybrid poplar 

I Noncarhon17ed control values: I) red maple- 1.55. 2) whlte oak- 1.50, 3) longleaf plne- 1.53. and 4) hybrld poplar- 1 54 

significant differences and regression equations were developed. Averaging over 
all species, heating rates, and particle sizes, gross heat of combustion values 
increased slightly from control to 250 C specimens, by almost 33% from 250 C 
to 400 C, and by 15% from 400 C to 600 C. It is interesting to note that the 
magnitude of these increases was nearly identical to the magnitude of the increase 
in carbon content with increasing carbonization temperature. Also, while percent 
carbon and gross heat of combustion values increased by 33% from 250 C to 400 
C specimens, about 66% of the dry weight was lost in this temperature range. 
Similarly, while percent carbon and gross heat of combustion values increased by 
about 15% from 400 C to 600 C specimens, almost 25% of the dry weight was 
lost in this temperature range. 

Stepwise regression analysis was used to evaluate gross heat of combustion data 
(Table 6 ) .  The full model tested was gross heat of combustion, the dependent 
variable, as a function of carbon content, hydrogen content, and final carboniza- 
tion temperature. The only variable that significantly reduced total variation in 
the dependent variable was carbon content. 
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TAHLE 6. Average higher heating values (cal/g) as a function o f jna l  carbonization temperature. 

Hlghcr heating values (callg)' 

Final carbonization Final carbonization 
Surhcr arca Heat~ng temperature (C)  temperature (C) 

10 bolume rate 
ratlo (Clmin) 250 400 600 250 400 600 

. . . . . . . . . . . . . . . . . . . . Red maple 

4,572 6,783 
4,574 6,725 
4,594 6,796 

4,782 6,540 
4,689 6,732 
4,689 6,68 1 

4,742 6,698 
4,711 6,872 
4,752 6,575 

4,798 6,895 
4,744 6,946 
4,77 1 6,773 

.... . - - - - - -  Longleaf pine 

4,836 6,798 
4,845 6,803 
4,864 6,825 
4,907 6,903 
4,903 7,297 
4,839 7,114 

5,002 6,997 
4,941 6,943 
4,874 6,934 

4,898 7,023 
4,9 12 7,007 
4,928 7,037 

- - -  White oak - - -  

6,600 
6,520 
6,597 

6,33 1 
6,296 
7,223 

6,714 
6,609 
6,65 1 

6,642 
6,516 
6,672 

Hybrid poplar 

6,845 
6,902 
6,892 

6,677 
6,687 
6,717 

6,957 
6,952 
6,842 

7,005 
6,811 
6,868 

' Noncarbon~,cd control valucs. I) red maple-4.61 I cal/g, 2) white oak-4.632 cal/g, 3) longleaf pine-4,748 callg, and 4) hybrid 
poplar-4.653 callg. 

From Table 2 it is evident that a linear relationship exists between gross heat 
of combustion and carbon content of fuel. This confirms the findings of Susott et 
al. (1975). Statistical analyses have shown that gross heat of combustion varies 
as a function of specimen carbon content, which in turn varies as a function of 
final carbonization temperature. 

Dulong's formula 

Dulong's formula (Babcock and Wilcox 1979,  Eq. ( I ) ,  is a means of theoretically 
calculating the higher heating value of a fuel (usually coal) whose carbon, hydrogen, 
oxygen, and sulfur contents are known. 

HHV = 8,080C + 34,460(H2 - 02/8) + 2,2053 (1) 

where 

HHV = higher heating value (cal/g), 
C = fractional carbon content (dry weight basis), 
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H, = fractional hydrogen content (dry weight basis), 
0, = fractional oxygen content (dry weight basis), and 

S = fractional sulfur content (dry weight basis). 

Coefficients in Eq. (1) are the known heating values of carbon (as graphite- 8,080 
cal/g), hydrogen (34,460 cal/g), and sulfur (2,250 cal/g). 

The negative term in Dulong's formula accounts for oxidized hydrogen in the 
fuel. It is assumed that all hydrogen bonded to oxygen is in the form of water, 
i.e., these hydrogen atoms are completely oxidized and therefore cannot generate 
heat energy when the fuel is burned during gross heat of combustion determi- 
nations. The proportion of oxygen in the fuel bonded to hydrogen is described as 

4 
0, x --, where 0, is the fractional oxygen content (dry weight basis), 16 is the 

16 
atomic weight of oxygen, and 2 is the valence of one atom of oxygen in water. 

In order to apply Dulong's formula to data generated in the current study, 
oxygen and ash contents had to be calculated. It was assumed that wood and char 
specimens were only composed of nitrogen, carbon, hydrogen, oxygen, and ash. 
Ash contents of red maple, white oak, longleaf pine, and hybrid poplar were 
assumed to be 0.7%, 0.4%, 0.4O/o, and 0.5% dry weight basis, respectively (Slocum 
et al. 1978; Panshin and de Zeeuw 1970; Koch 1972; Bowersox et al. 1979). Ash 
content of char was calculated by 

Ash = (1/Ch x A) x 100 (2) 

where 

Ash = percent ash content of char, dry weight basis, 
Ch = fractional char yield, dry weight basis, and 
A = fractional ash content of wood, dry weight basis. 

Oxygen content of the specimens was then calculated by subtraction. 
Calculated oxygen values along with measured carbon and hydrogen values 

were used in Dulong's formula (Eq. 1). While calculated higher heating values 
using Dulong's formula were within f 5 percentage points of actual values of 600 
C specimens, the difference between calculated and actual values grew progres- 
sively greater with specimens carbonized at lower temperatures. That is, Dulong's 
formula became a poorer predictor of heating values as oxygen content of the fuel 
increased. Therefore, it was necessary to modify Dulong's formula to account for 
this discrepancy. 

It is believed that the discrepancy between predicted and actual values is as- 
sociated with Dulong's assumption that only hydrogen exists in an oxidized state 
in the fuel, not carbon. Thus it was theorized that Dulong's assumption was not 
correct for the specimens in the current study, i.e., that some proportion of oxygen 
in the fuel was also bonded to carbon atoms such that a partial amount of carbon 
as well as hydrogen would not generate the maximum heat energy in gross heat 
of combustion determinations. Therefore, it was necessary to determine the pro- 
portional amounts of oxygen combining with carbon and hydrogen. 

A maximum higher heating value for wood or char was defined as the value 
resulting from heat generated by all carbon and hydrogen in the fuel: 

HHV,,, = C (8,080 cal/g) + H, (34,460 cal/g) (3) 
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where 

HHV,,,, = theoretical maximum heating value of fuel (cal/g), 
H, = hydrogen content (fractional dry weight), and 
C = carbon content (fractional dry weight). 

The difference between HHV,,,, and HHV (actual higher heating value mea- 
sured through calorimetry) was assumed to be the unknown amount of oxygen 
combining with carbon to form carbon dioxide, and an unknown amount of 
oxygen combining with hydrogen to form water. That is, 

AHHV = HHV,,, - HHV (4) 

and 

AHHV = 8,080(0,/4 x 0,) + 34,460(0,/8 x Oh) (5) 
where 

AHHV = cal/g, 
0, = fractional oxygen content combining with carbon to form carbon 

dioxide, and 
O,, = fractional oxygen content combining with hydrogen to form water. 

The amount of oxygen bonded to hydrogen, e.g., to form water is 0,/8. The 
4 

amount of 0, bonded to carbon as carbon dioxide is described by 0, x -, where 
16 

16 is the atomic weight of oxygen and 4 is the valence of two atoms of oxygen 
in carbon dioxide. 

O,, and 0, were further defined by 

0, = 1 - o, ,  (6) 

since the amount of oxygen bonded to hydrogen and the amount of oxygen bonded 
to carbon must equal the total amount of oxygen present in the fuel. 

Solving for 0, by substituting Eq. (6) into Eq. (5) gives 

AHHV = 8,080[(0,/4)(1 - Oh)] + 34,460(0,/8 x Oh) (7)  

and rearranging, 

0, = AHHV - (2,020 x 0,)/(2,287.5 x 0,). (8) 

If the value calculated for O,, was negative, 0, was assumed to equal zero. Equation 
(6) was used to solve for 0 , .  

The final form of the modified Dulong's formula accounting for combination 
of oxygen with carbon as well as with hydrogen was 

where 

HHV, = theoretical higher heating value of fuel (cal/g). 
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Theoretical higher heating values were then generated using data from the 
current study (Lunden 1982). An indication of the relationship between the mea- 
sured values and calculated values was evaluated by 

HHVT - HHV 
% Difference = x 100. 

HHV, 

Of 2 12 observations mean percent difference was 1.02% with 12 1 observations 
having 0% difference, 66 observations having 0.3% difference, and 25 observations 
having 3-6.5% difference. There were no differences between calculated and actual 
gross heat of combustion values for controls and specimens carbonized to 250 C. 
No trend was apparent in the percent difference between calculated and actual 
gross heat of combustion values for 400 C and 600 C specimens. 

Two factors were primarily responsible for discrepancies between calculated 
and measured values. Oxygen content of the specimens was calculated theoreti- 
cally rather than measured. Second, it was assumed that all oxygen bonded to 
hydrogen was in the form of water and that all oxygen bonded to carbon was in 
the form of carbon dioxide, so none of these carbon and hydrogen atoms were 
counted as contributing to heat energy generated in gross heat of combustion 
determinations. However, some oxygen was probably bonded to carbon as carbon 
monoxide and to hydrogen as hydroxide ions, and these carbon and hydrogen 
atoms would generate some heat energy upon oxidation of the fuel. 

SUMMARY 

Char yield from wood carbonized in a flowing nitrogen atmosphere varied with 
final carbonization temperature. Char yield was relatively insensitive to the pa- 
rameters of particle size and heating rate. Red maple, white oak, hybrid poplar, 
and longleaf pine yielded similar amounts of char under the conditions tested and 
it appears that these species could be carbonized with a fairly consistent char 
yield. 

Carbon and hydrogen contents of char varied primarily as a function of final 
carbonization temperature. A linear relationship was found between gross heat 
of combustion and carbon content of wood and char specimens. 

Dulong's formula, a means of theoretically calculating gross heat of combustion 
values of coals, was modified to suit wood and wood char. The basis of the 
modification was the assumption that some carbon as well as hydrogen is already 
oxidized as carbon dioxide and water in the wood and char prior to the gross heat 
of combustion tests. 
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